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OBJECTIVE

The ObJLLt]VE of this program is to dev01op a high energy demnsity
battery capable of nperation for three dayy at 800°F . (4249C).in an environment
approximately the same as exists on the planet Venus. The battery should also
be capable of activation within less than ten minutes ‘after exposurD to 800 F
temperature. Tne battery W1ll be able to supply power. to an ’ﬂstrument package
in the Venus environment.

\ A thin synthetic zeolite membrane will be nsed to'sép:faQe the -anode
and cathode section of the battery. The zeolite, adting as-a solid electrdlyte

. permeable only to cations, will eliminate.maghy of the problems assdciated with
- ‘the solubility and reactivity of matprials in high gemperature battery systems.

The zeolite membrane will permit tbe use’ of high energy density components to
produce a light weight battery. L ’
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SUMMARY

JS5EEZ

The resistivities of various types 3f synthetic zeolites having
different cationshave been meas.red as a function of temperature, Of the
materials NaX his the lowest resistance. The effect of various: -bonding
~techniques ‘upor. the c¢rystal structure and re51s§lx;t1es Qﬁ sodlum ze614tes

_was Iﬁvegflgated ‘ Technlqueq using: N4281205 or HaP0, as a blnding agent
show rﬁcrgasea fésistances when’ compared to the pure zeolites.

The e'ectrochemical characteristics of CuCIz, CUClﬁ BiCly, FeCl,,
and AgCl are presented. The effect of diluents added as solids or coulom-

eLrically by cationic transfer through a ceramic membrane upon the nerform-

ance of certain cathode materials was investigated.

Sodium was prOposed as the anode material after elimination of
calcium decause of contact problems and lithium because of severe corrosion
problems.

A proposed cell design is preséﬁted utilizing various sealing and

containing techniques. Compatibility tests with materials of the proposed
cell were initiaced and used to further define the proposed cell.
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AVOLTTE STUDRTES

In the ,ropused battery solid zeolite membranes will be used to
separate the materials of the anode and cath. e and to prevent their direct
chemical reactior. During the sécoud quarter efforts in the area of zeclite
studics were directed towards the preparation of various zeolite types with
different cations anu the determination of their rhermal stability and elec-
trofvtic reststance. In addition various zeciites were prepared for uss in
4 possible wolid state battery as proposed in the Firat Quarterly Report(i),

During this period efforts were also initiated in better methods of fabricat-
iny thin .cenlite membranes, ’

£.1° PRLPARATION OF CRYSTALLIXE ZEOLITES

The Tvpe A and ype X zeollite paaders are. commercially available in
rath the Na* and Ca** forms. These commercially availabic A and X zeolites
webe usced as the atarting matuerial for the studies with A and X zeolites.

Type ¥ zeolite is not readily avaiiable and was therefore synthesized by’

vrystallbization from aluminos.licate gels. This preparation is given in detail
in the pext scction, ¢ : ’

.11 PREPARATION OF TYPE Y 500:UM ZEOLITE

Disselve 3.0 grams of NaAlQ. tHath&s&n, Ccleman, and Bell, Technical,
ChILl) and 12.0 grams of NaOb (Bekex inoly ced Reasgen., 3726) in 89.5 xl, of
dictilled water. Allow this solutfon to cool somewhe: (actual temperatvre did
Aoy appear to be critical). Weigh out 125 grams of eolloidal 510, (Matheson,
Coleman, and Bell, Practical, 30% Si0) by weight, P7694) and mix with NOALOQ-
NaOF solution in a Waring type blender until homostneeus.




"~ of the exchanglng cation was waintained at room temperature for anpr0x1mate1y -

) Place the resultant paste a0 a 500 ml Erlenmeyer flask. Equip the
‘flask with a reflux condenser and heat on a water bath for approximately 24
_hours. During this period, the homogeneous gel recrystallizes into an easily
separable solid phase. The solid phase is removed by vacuum filtracion and
washed with ¢.stilled water until the pH of the fiitrate drops to about 10.5.
four_ 50 ml portions of distilled water are usually sufficient. Occasionally
“this method of preparation produced a batch in which the washings remain at
pH 12. This muterizl was always found to be amorphous to X-rays.

After fllt@r1n§ and washlng, the sulid is air aried overnlgut or
for several hours at 100°C. The zeolite can'be’ sctivated (water removed from
the pores) by vacuum drying at approximately 350°C. This preparation yields
about- 8 grams OE the aix dried but unactivated zeolite. ) <
St - = : :"_)~ -
' X -ray dlffractlon patterns 1nd1cated that the sodium forin of type.Y T
;zteLte could be prepared. - Sgveral attfempts to drrectly synthesize the lithitdm

- aﬁd potagsium forms of cype Y-yield a material which was amorphous to X-rays.
:The lithium form of Typé Y was tHerefore prepared by exchanging NaY with an

‘aqueous sGlution of 14C1. Slmllarly,sother cation fcrms "of Type A and X - ' R

o o

1ze011tes cwere- prepared by~aon exchange &f the sodlum forms wrth the approPLLate ' 7“
cat1oﬁ T A . e : - , - =
S1.1.2 E—ZE_QLIT’E LON EXCHANGE PROCEDURES - s e T e

-t . ' Yoo ’ E S .
; Several procedureg were used ‘to achieve-ion exchange thh the varxdus
a*lons and zeOthe types. oL Do . c R

s - A SUcpéﬂSlOﬂ of O 1 equ1valent O Zeo11te (quLd ‘on replaceable
catLvns) in the .odivm form in 100 ml of 'a solution containing 0.1 equivalent -

< . m

0.5 hours by magnetlc stirring. - The solid was ' then removed by wvacuum - flltra- ) $

~tion. The suspension and filtration of zeolite was repeated until it had been -
,exposed to a total of at leasc. 0.3 equivalents of exchanging cations. After

T i

e final £11trat10n the zeolite was washed with a small portlon,of distilled . .
water before drylng at 100 C in air and actxvatlng in vacuum at - BSC)C o o

It_was ‘socn noted that the Teflon covered stlrrlng bar was belng . -

‘abraded by this process and that _he zeolite was bELHB contaminated by material - oy

from the magnetic stirring bar- The‘procedure was modified by using a stream
of alr bubblinv thrnn :h the suspen91on ingt ead of the maghetic stirring.

‘

'J;L . TOJachleve a greater degree of exchange a percolating procedure was ; | . y

- devised. "The zeolite to: be\exchanped was placed ip a glass tube similar to a -

chromocographic column, Vacuum was applled at the base of the tube and a 9
solution of the: exchanglng cation was allowed to percolate through the zeolite. }

" The column was maintained: at. apploxlmately 80°C. As. in the preteding proceos,uv .

the zeolite was treated with a three fold excess of exchanglng cation.
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Generally, one normal aqueous soluticns of the exchanging catiocns
as nitrates or chlorides were used. Small amounts- of acids were usec to pre-
vent hydrolysis of some of the salts. Type & and Type X zeoliites arec quite
sensitive to acids «nd therefore the pH of the exchanging solutions was kept
as high as possible. Type Z zeclite appeared to be decomposed by agueous
cupric solutions. Type A zeclite was exchanged using a one normal solution of
Cu(NC3)," 3H20 in 957 ethanol. A filtcrable blue solid was obtained. 1In drying
and activating this material the temperature was kept below 152°C. At approxi-
mately 200°C. the blue so0lid was converted to a brown or black material which
was shiown in the rirst Quarcerly RepuLt(l) to be Cul. X-ray ffractinon showed

PR

v o di
~some loss of zeolite structure even in the Cu zeolites dried at L50°¢C.,

1.2 X-RAY DIFFRACTION STUDIES

Samples of NaA, LiA, KA, AgA, CaAp, NaX, LiX, AgX, CaX), NaY and LiY

were prepared amd submitted for X-ray diffraction studies. X-ray diffraction

patterns were used in this study to determine if the various methods of prepara-
tion of Type: Y zeolites wer¢ successful and to determine if the zeolite crystal®
structure was preserved with cation e€xchange and activation. In addition the
effect of the’cation7upon the spacing of the cfystal planes was determined.
Powder diffraction patterns were taken con'a Vorelco Phillip Spectro-
meter using filtered CuIeradlatlon " The results for the three types ot zeolite
containing various cations are given in Tables I, IF, and TII. The Miller )
indices (h, k, 'l) were assigned from the relation -

. .2 .2
L ' m‘=h"+k?+'1

where m was determ‘ned by the slide rule method from the d-spacings (2). Using

this method- it was found that the Type A zeolit s had a simple cubic structure
Cwith a unit cell length of approximate.y 12.3 A; Type X zeolite had a face

centered cubi¢ structure with a unit cell length of 25.0 A; and Type Y, face
centered cubic -with 24.7 A. Values of d-spacings as reported in the literature
arc given for comparison. The spacings for the Type. A material are taken from
reference (3), for the Type X from reference (4), and for the type Y from
rererence. (5). All materials, with the exception of Cud,, were vacuum activated

4t 350°C. before determining the diffraction patterns. CuA, was temperature

sensitive and therefore was activated at 150°C. The peaks for che CuX, zeolite
were present on the top of a high background level indicating some structure
degradation of the zeolite had occurred.

The ditfraction patterns show that the synthetic crystalline zeclites can _

be prepared in various cation forms, with the exception of Cu*Z, by ion exchange
without altering the crystal structure to any great extent, .
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43

48
51
56

67
68
72
75
76
80
83
88
91
96

hkl

111
220
311
222
400
331
333, 511
440
531
600
620
533
622
L&h
551, 711
642
553, 731
733
660, 822
555, 751
840
753, 91l
664
931
844

TABLE II1

X-RAY DIFFRACTION DATA -d 3PACINGS FOR TYPE Y ZEOLITES

(o]
d, A

NayY Li¥Y

Lit. Obs. Obs.
14.3 14.4 14.36
£.73-.80 8.75 8.84
7.45-.50 7.46 7.53
5.67-.71 5.68 5.68
4,75-.79 4,74 4,76
4,37- 46 4,36 4,37
3.90-,93 2.90 3.90
3.77-.79 3.76 3.76
3.57-.59 3.56 3.56
3,46-,48 3.45 3.45
2.30-,.33 3.30 3.30
3.22-.24 3.21 3.21
3.02-.04 3.02 3.01
2.90-.93 2.91 2.91
2.85-.87 2.85 2.85
2.76-.,78 2.74 2.76
2.71-.73 2.71 2./0
2.63~-.65 2.63 2.63
2.59-.,61 2.59 2.58

2.52-.54 2 53 -

-7-
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7.3 DETERMINATION OF LOW1C CONDUCTIVITY

The ionic condnctivity of selected zeolites can be determined from
a measurcment of the resistance as a function of temperature. Zeolite pellets
with integral gold foil electrodes were prepared by vacuum hot pressing. The
pellets formed by this technique are 0.5 inches in diameter with a thickness
in the range of 2.040-0.050Q inches. Prior te conductivity measurements, the
zeolite pellets are activated and adsorbed water removed by heacing to 400°C
for 16 hours at lcw pressures. The resistance of the pellet was measured with
an Electro-Measurements Inc. Impedance Bridge, dodel 250 DA veing a Hewlert-
Packard AC voltumeter, [lodel 400 L as the detector. Other details of sample
preparaticn and measurezment are given in the First Quarterly Report (1).

1.3.1 RESISTANCE MFASUREMENTS

The resistance as a function of temperature has been determired for
NaX, AgX, LiX, NaY, LiY, and NaA zeclites. 1In addition a studv of the effect
of various binders and binding treatments on the resistances was initiared.

The effect of the cation on the resistance of Type X zeolites is -
shown in Table IV and Figure 1. At the time the measurements were made, AgX
was of incerest as a cathode depolarzer in a solid state battery. The higher
resistance and greatev coulcmbic attraction of the smaller Lit is readily
apparent.

Tables V and VI and Figures 2 and 3 show the eifect of zeolite type
upon resistivities. The Y zeolites were synthesized in our laboratories by
the procedure given in Section 1.1.1 The activation energv for conduction for
Na¥ was found to be 15.0 kilocalories per mole. Calculations using the activa-
ticn energy yield the following composition of the unit cell after dehydration

~ . e
Nagy | (A10p)qy  (S30,)),]

The activation energy for LiY was 20 kilocalories per mole which is
higher than the 15 kcal/mole founa for NaY. This higher energy requirement is
another manifestation of the stronger attachment of lithium {ons in the zeolite
lattice.

Both phosphoric acid and sodium silicate are being considered as
sintering aids for the fabrication of thin zeolite membrunes (see Section 1.4).
The effect of these sintering aids upon the resistivity of NaA zeolite was
investigated. For these investigations dry powders of either the pure NaA
zeolite or KaA zeolite containing the desired sintering aid were fabricated
into thin membranes having i.tegral gold foil electrodes by the vacuum hot
pressing technique as reperted before. The results for the NaA and NaA con-
taining phosphoiic acid and sodium :ilicate are shown in Table VIL and Figure 4.
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LFFECT OF

CATIONS ON THE

TARLE 1V

Nax
Tempcrature Resistivity
oC ohm-cm

155 9.55 % 10"
210 1.61 % 10"
2695 3.44 x 103
3

300 1.89 » 107
3

335 1.11 x 16
2

0 4,04 0 10
2

170 2.66 x 106
2

510 2,33 x 10
2

535 1.77 x 1C

RESISTIVITY OF TYPE X ZEOLITES

Temperature Resistivity Temperature Resistivity
°c chm-cm Cc ohm-cm
225 .8 l()[+ 225 1.9 « 103
115 5% 107 315 1.2 x 10°
e , 3 2
385 4o 10 385 7.7 » 10

2 ) 2

450 L2 w10 460 5.7 x 10
485 4.8 : 102

'L
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SPECIFIC RESILTIVITY (C"M-CM)

1 x 10

4

1 x 10

1 x 10

1 x 10

! -

143 182 227 283 352 441 561
L \\\ \#\
i N '
\'\ \\
- N
: \
-
o
P
e
#Na X
- @ Ag X &
k il X :
®
.
2.4 2.2 2.0 1.8 1.6 1.4 1.2
103/1 (°x) R10260
FICURE 1. EFFECT OF CATION ON RESISTIVITY OF TYPE X ZEOLITE
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EFFECT OF ZEOLITY TYPE ON RESISIIVITIES

NaA
Tempgrature Resistivity
C ohm--m

25 3.5 x 167
135 26 x 10°
165 1.6 x 10°
185 3.8 = 10°
215 2.94 % 10°
245 1.7 x 107
280 .4 % 107
115 3.1 x 10%
360 1.7 « 10°
390 1.0 x 10
40 A1 x 107
475 3.4 x 103

TABLE V

OF SODIUM ZEOLITES

NaY NaX
Temperature Resistivity Temperature Resistivity
_ °c ohm-cm O¢ ohm-cm

200 1.3 x 10° 155 9.55 x 10°
5 4
270 1.4 x 10 210 1.61 x 10
A 3
315 4.5 x 10 265 3.46 x 10~
30r, 9.1 x 10° 300 1.89 x 10°
45 4ot x 10° 135 1.01 x 10°
480 2.7 x 107 410 4.04 x 10°
2
470 2.66 x 10°
510 2.53 x 10°
. ?
535 1.77 x. 10

-11-




TABLY VI

FFFECT OF ZEOLITE [YPE ON RESISTIVIIIES OF LITHIIM ZrOLIILS

Lix LY
Temperature = Resistivity Temperature Resistivity
¢ ohm-cm °c ohm-cm

225 2.8 x 10° | 205 6.5 x 107
3.5 5.5 x 10° 270 4.5 x 10°
3 . 4

385 1.4 x 10 130 7.0 x 10
450 6.2 x 10° 180 1.5 x 10"
) ¢ 3

485 4.8 % 10 450 5.6 » 10
495 3.3 x 16°
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Temperature Res;stivity

- Temperature
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Resiscivity
ohm-cn

G

3 -

o¢C : ohm-cm

. 90 . 3.8 x 10
5

. 210 9k x 107

85 L 1.9 % 10%
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The silicate cample (Z-3) éﬁntained 20 weight percent of Na0°2S8i07 and the
phosphoric acid sample (Z-5) contained 18% phosphoric acid and 2% ot an aqueous
solution of polyvinyl alcohol. As the experimental results indicate, the

.addition of either phosphoric acid or GodiumfﬁiliCate caused an increase in

the resistance of vacuum hot pressed WaA membranes. This effect of silicate is
much smaller than that of phosphoric acid. A much greater increase in resistiv-
ity is noted with the H3FO, treated material. It appear: that the H3P0, inter-
acts with the zeonlite alumino~-silicate lattice in such a way as to reduce either
the number of charge carriers or their mobility. This effect has also been noted
with other acids. T

Zeolite membranes prepared by sintering at higher temperatuves using
H3P04 or scdium silicate as a binder had a smooth, hard surface. No suitzble
method of attaching gold leaf electrodes for conductivity measuremente could be
found for thesc membranes. Therefore, two other methods of attaching metallic
electrodes were tviead., Ir the first methods, a silver electrode was formed on
the surface of the fired zeolite membrane by covering with a silver conducting
paste. Samples prepared in this manner had-a resistauce of about 10f ohms at
65°C and showed practically no variation of resistance with temperatuire, thereby
indicating that adequate contact was not achieved between the zeolite membrane
and the silver electrode. O

Considerably better results were obtained with gold electrodes- placed
on the surface of the membrane by vacuum evaporation., Table VIII gives the

" resistivity of a hot pressed NaA membrane with vacuum evaporated gold electrodes.

Figure 5 compares.the resistivity of hot pressed NaA membranes with gold leaf
and with evaporated gold electrodes. The results indicate practically no
difference 1in the two techniques. Thus vacuum evaporation of gold appears to be
a suitable method of attaching electrodés to formed zeolite wafers.

The effect of heat treatment at 740°C and phosphoric acid upon the
resistance of NaX-is shown in Table IX and Figure 6. These results are based
on only preliminary investigations in bonding NaX zeolites. It is expected
that further experimentation will produce bonded zeolite membranes with lower
resistances. The hot pressed membranes.were made in the usual manner. "The
phosphate bonded zeolite (Z-14, 27 weight % H3PO4) had been heated to 740°C.
Evajorated gold foil electrodes were used. From the results it appears that
the NaX can be heated to approximately 700°C with no change in resistance
unless phospheoric acid is present. At the time this report was written, no
samples of NaX bondrd with silicate were available,

A thin (0.0485 in.) zeolite membrane was obtained from Astropower

—Laboratory of Douglas Aircraft Co., Inc. for possible use in this application. .
" This membrane was made from Zeolon H, H,.PO, cnd ZxrO; and had their designation

Lot No. 851-21. The resistance of this membrane was measured as a function of
temperature while under vacuum., The results are given in Table X. The
relatively constant values of resistivity in the temperature range 160° to
450°C could indicate destruction of the zeolite lattice structure at higher

-i7-
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TABLE VIII

RESISTIVITY OF HOT PRESSED NaA ZEOLITE WITH EVAPORATER GOLD ELECTRODES

Gold Foil-

Temperature
oC

et ———py eem———

0135

280
315
360
390
440

475

Resigtivity
' ohm-cm

2.6

1.6

3,8

2.9

%

X

10

106

106

10°

)

105

10*

4

10

104

10A

10°

103

T I e

Evaporated Gold

Temperaiurs

o¢

25

. =18~

e

Damde
[SCMPE e

ohm-cm

N
v
- x

R
v A

1.5 x‘lo

7

5.

A

9

X

X

x

16

105

104'

4

10

104

10

103

103
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SPECIFIC RESISTIVITY (OHM-CM)
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143 182 227 283 352 441 561 727
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FIGURE 6. EFFECT OF HEAT TREATMENT AND H,PO, ON THE
RESISTIVITY OF NaX ZEOLITE
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- TARLE TX

. EFFECLT OF HEAT TREATMENT AND HBPCA o THE BESISTIVITY NOF NaX /FOTTTES
i‘ wak-Pure
e Hot Pressed NaX-HBPOA(Z—la)
NaX-Pure Heat Treated Heat Treated
Hot Pressed @ 700°C @ 740°¢C

) Temgerature Resistivity Temperature Resistivity Temperature Resistivity
% C ohm-cm °c ohm-cm ¢ _ _ohm-cm
i . 4 , it 7

155 9.6 x 10 120 . 4.4 x 10 195 1.2 x 19
¥t 4 4 5
5 210 1.6 x 10 190 8.4 x 10 260 1.6 x 10
. 3 , 4 . 5
. 265 3.4 x 10 250 2.1 x 10 382 1.4 = 10
b , 3 o . 3 ] 3
L 300 1.9 x 10 325 4.7 x 10 445 7.6 x 10
g 3135 1.1 107 385 1.9 x 10 505 4.2 x 10°
: , 2 ) 3

410 4.0 x 10 440 1.0 x 10
i ) 2 2
; 470 2.7 10 515 5.2 » 10
/ 510 2.3 % 10°
' 2
N 535 1.8 x 10
gf
A
54
¥
W
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Temperature
°c

25

83
110
160
210
255
305
35¢

450

TABLL X

RESISTIVITY OF ASTROPOWER ZFEOLON
MEMBRANE LOT NO. 851-21

22~

Resistivity
ohm-cm

3x 10

~

&

1

X

7
107
10

x 10

x 10
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~inerature by tixation of hydrogen icns in the alumino-silicaie framewcrk
m OH groups with the resulting elimination of hydrogen .ons as a con-
Jdr i@ species. No further testing o! these membrancs is anticipated.

t
-

ZEOLITE BONDING AND SINTERING EXPERIMENTS

The goal of this phase of the programs was to develop a ceramic
. scess suitabl for the fabrication of thin 2 inch diameter zeolite A membranes.
"o uwliimates thickness was to be on the order of 10-15 mils. Dry pressing and
»intering was considercd the most appropriate process tor investigation.

The main problem in the sintering approach wi: the relatively low
t rans formation temperature (700°-800°C) reported for Lhe zeolite structure.
"he second problem concerned the effect of a sintering aid on the zeolite
structure and its exchange properties. Three materir(s were considered as
sintering aids; they were: sodium silicate, phosphoric acid, and sodium meta-
phospnate. Sodium silicate was considered compatible (a raw material scurce ior
zeolite synthesis) with scdium Zeolite A. It also has an eutectic melting point
of'780°C, with a sintering range of 700-800°C. Phosphoric acid was selected
for its cementing reaction which the alumino-silicate materials and possibie
formation of phosphate ,lass bonds. Sodium metaphosphate, an anhydrous phos-
phate glass with a melting point of 630°C, was selected for its glass forning
properties. An additional consideration for the selection of phosphate
«~terials was attributed to the speculation that phosphate glasses may exhibit
resistance to liquid sodium corrosion, the anode being investigated in this

project.
1.4.1 EXPERIMENTAL PROCEDURE

The zeolite A power was first saturated with distilled water followed
by the appropriate addition of sodium silicate or [hosphoric acid. The material
was then grarulated by hand in a glass drying dish as it was intermittently
dried in an oven (80°C) or over a hot plate. The bonding of the material during
granulation formed particlcs that were readily separated into a minus 8C plus
200 mesh iraction for dry pression. Additiors of an organic binder {polyvinyl
alcohol, PNA) to promote granulation resulted in poor sintered strength and
was abandoned. Following final drying at 80°C, the powder was pressed in a 1/2
inch diameter Meehenite die with heat treated drill rod punches. No lubricant
or anti-sticking additions werc required. Sintering times and temperature:n were
initially based on DTA (differential thermal analvsis) and TGA (thermogravimetric
analysis) of the raw zeolite and sintering compositions. X-ray analysis vas the
final criteria for verifying the structure of the sintered zeolite. Sintaring
was performed in a tube furnace operated between 700°C and 800°C. The samples
were preheated on a refractory slab in the entrance of the tube to approximately
300°C for 10 minutes and. thern pushed into the firing zone for a specified time.
The samples were withdrawn from the hot zone and cooled in tle entrance for §
minutes before removing to room tempersture. The fired discs were inspected for

et L L Y
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s¢ratch hardness and shrinkacse.  Those samples exhibitling good streapth vere
then submitted for X-ray diftraction. Optimum times, temperature, and composi-
ticns relationships were established (rystallographically by this means (o
ensure the miintemance of the zeolite A structure. Additional sintering expuerie
ments wore conducted on the most promisinyg compositions (o increase their tired
densitics, the objective peing to reduce the intergranular pore volume to a
¢'osed pore conaition, thus icaving the molecular pore of the zeolite a5 the
principal comncecting pore system. Density measurements wer: mawe by ti: volume
displacement method in water on saturated specimens. This technique allowed
comparison to published aata (3) uliliziag the same grocedure.

1.4.2 RESULTS

Initial DTA data indicated that zeolite A began a transformation at
770°C. 1In the presence of phosphoric acid the first perceptible transfo:mation
cccurred at 850°C, TCA data showed dehydration and activation was complete at
400°C. Both analysis were run at a temperature rise of 10°C/minute.

Table X1 shows the compositions containing phosphoric acid and sodium
silicate investigated during this period. Samples Z-2, 3, and 4 were .nitial
exploratory compositions made for sintering observationc and X-ray snalysis.
Table XII, X-ray diffraction data, confirmed the DTA information in showing that
the sodium silicste materials, Z-3, readily transformed at 810°C, while the
phosphoric acid materials, Z-5, retained their structure at 800°C. Table XII
also shows the complete disintegration of the raw zeolite, NaA, when heated to
880°C. This matsrial was taken from a DTA rua. The first column headed NaA
contains the diffraction data obtained on the powder as received. Table XII
is represent.tive of the data obtained; che intensities, though nov indicated,
varied with hydration as descrited in the iiterature (3).

Follouing the preliminary evaluations of Z-2, 3, and 4, two scries
of compositions were prepared to determine the effects of concentration on
streng h, crystal structure, and sinterability. £-7, §, and 10 vieldec good
structures and strength in 15 mil, 1/Z inch diameter discs that survived 3 feet
drop tect. Sintering at 740°C for 30 minutes resulted in little detactahle

"~ distortion of the zeclite lattice parameters for c~mpositions containing either

10% phosphoric acid or 21% sodium silicate;Z-8 containing 10% phosphoric acid
appesared to be stronger than Z-10 containing 21% sodiun silicata.

Sintering results shown in Table XIll indicate the relntive shrinkage
and scratch resistance of the compositions sintered at 700, 740, znd 780°C fer
30 minutes, respectively. 2-8 appears to contain sbout the winime: amount of
phosphoric acid for ascopcable sintering. Z-10 and Z-11 were both weil sintersed
at 7eo°c however, Z-10 at 740°C 1s favored due to the on~set of :rans?or-ntton

in the sodiun silicate coapoaitluns above 770%C.
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TABLE XI ' m

SINTERING CO.POSITIONS FOR TYPE A ZEOLIZES

No. Wt. % Zeolite We. % Binder » M;
z-2 90 10
z-3 80 , 20
Z-b - 70 ‘ 30
z-5 8n - 18 + 2 PVA
Z-6 SR T I | 31
z-7 &2 18
z-8 90 - S 10 e | H,PO, .
L-9 95 5 H,P0,
210 79 21 | mzo-zstozck.
7-11 89 | 11 : Na,0°2510,
2-12 % 6 - . Ma,0-7810,
213 9.5 | . 3.5 - mj.‘o-‘maz
-8 . g0 18 %2 wg S moz“,c-
,?' Hltel;.(tll :{.dm:'lc a8 ‘ | .
P . Phosphoric Acid - 85% An,ro‘_ e \
| Sodium 811cate - ¥ Prend -'.li-l;zo'zstdz : |
PVA - Polyvinyl Alcohol - 7% Aqueous Solutfon’
A . .
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Composition

Z-6

TABLE XITI

SINTERING RESULTS TYPE A ZEOLITE

456

NV

487

494

; .494
7696

.498

0‘” .306

Sintered Diameter, Inches -
790°C/ 30 Min. 740°C/30 Min. 780°C/30 Min.
h .446 h .430 h -
h 470 b 460 1 -
s 485 h 480 H
c o .QBéAc 489 ¢
s . .485hm L4k w
¢ . .489s  ° T.4sihoc
c. AT . 475 57
c 95 T 4T3 e
\
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Table XIV shows the results of sintering experiments with the Z-7
composition to determine the relationship between mechanical pores due to
consolidation and the wmolecular pores of the zeolite structure. Linde publishes
a density of NaA of 1.99 gm/cm3. (3). This ‘was determined for a saturated
structure, thus the column Sat. Density in Table XIV indicaces the relative
comparison. This easurement was made by the displacement technique in water
following a weight determination after 4 hours of boiling in water. 'The %
theoretical density column indicates little change from about 85% with sinter-
ing temperature. The 7% H,0 absorbed indicates a value of about 28%. Theoretical
saturation has been reported to be.22.2%. The difference is assumed to represent
the fabrication porvosily belween grains.

One exploratory experiment wit: sodium metaphesphate glass was con-
ducted utilizing a 20% addition of Nal0 , Z-N Table XI. The composition was
ball milled for &4 hours with distilled water and granulated with a 2%  PVA
addition. In this case, ac reported earlier, PVA appeared to be detrimental .
to good sintered strength Future work should include mincr additions of phos-
phoric acid for granulatlon purposes. X-raydata indicated a slight shift at

"high angles. but good agreement, at the low angle deflections. It may be concluded

thai sodaum metaﬁhOSphate is also a sultdble flux for blndlng Zealite A strurtuxes.

" - S o o 0 ST s
43 CO\ICLUSIONS - J AR

Zeollte NaA was granuxated dry presseﬂ, and sintered’ withaut destroy-

ing the. zeol te.structure by: the addltlgp of bluterlng aids of 10-20% ghOSphorlc

acid.and 21% sodium ‘silicate. _Sintering temperature up to 800°C were utilized,
with phosphoric ac;J bonded zeolite NaA without excessive degradatlon of the
crystal structure, Temperatures below 770°C were requlred t6 maintain the zeolite
NaA structure, with additions of sodium silicate. An 18% sodium metaphosphate

- addition also exhibited favorable 51nter1ng charauterlstlc at.750°C. Zeolite
'NaA + 18% phosphoric acid sintered at 740°C for 45 minutes resulted in 86%%

theoretical density and a water absorption of 28:7%.- (Theoretical water absorp-

_tion equals 22.2%). Samples 15 mil thick and 1/2 1'nch in diameter sintered at

the above conditions readily sustaxned drop tests of ‘3 feet and 1e31sted steel
scratch indentation. . v 5
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SECTION 2

CATHODE STUDLLS

The study of the g]ectrochemlca] properties of selected cathode
depolarlzers “has contlnued These include ciprous chloride, cupric chloride, R -
~ bismuth trichloride, ferric chloride, and silver Chlorlde These salts were'“ ;

falso teste& 1n the presence of dlluents ' , ]

.3 Ebestrode materials investigated include gold, fungstén, graphite,
tantalum, boron carbide, and '"Glassy Carvon'. ‘
; Chronopotentiometric studies of short durations'(up to‘sevérai hours)
were performed using the experimental cell described in the Section 2 of the
: First-Quarterly Report: (NASA CR-54208) and shown in Figure 8 of the same Report.

Longer tPrm tests were carrled out using the experimental arrangement
descrlbed below. : :

- . s .

ELECTROLYTIC CELL

4 scheratic diagram-of the cell 'is shown in Figure 7. - The cell con-
‘tainer was a Pyrex tube 24G mm by 30 mm in odtside diameter. -Within the cell
the cathodé depclarizer was compartmented wWith a ceramic tube 170 mm long,
"10.5 mm in outside diameter and 9 mm in inside diameter. Th~ ceramic material

was composed as folliows:

—-J .. Si02» 54/« - ’ " L

- - A0y 36 . ' o
S - h ’ Na,0 . C9.0% VV : 7 ‘ ‘ -
) Kzo h ‘ . 'O.JA/Q« v o " . : 7 3 “

The cerami: was pregaredkas described byfR. J’.,j'Lgbrie(7>.
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The indicator electrode was a wire of the material tested 25 mils
in diar zter projecting 16.7 mm {rom the closed lower end of a Pyrex tube
250 by 3.2 mm in diameter. The projected area of the electrode was 1/3 cm”,

The auxiliary electrode was a spectrographically pure graphite
rod 1/4 inch in diameter and cne foct long projecting from the neds of a
Pyrex sheath by about 2 cm. The density of the graphite was 1.9 g/cm

The Ag - 0.13 m AgCl reference electrode was described in detail
in, the Section 2 of the First Quarterly Report (1).

The indicator electrode and the reference elecirode were inscrte
in the ceramic tube containing the cathode depolarizer. The auxiliary elec
trode and a thermocouple cf the ISA type K (chromel-alumel junction) were
placed in the outside compartment containing a molten binary salt mixture.

LI SN

The cell was found very satisfactory for the study of the effect -
of diluents such as sodium ions which were cotlometrically added to the
cathode depolarizer by ionic conduction through the ceramic.

2.2 EXPERIMENTAL RESULTS

¢ The evaluation of cathode materials was performed by Afdsurlng fne

open circuit potential and thr pularlzed potentials at currer*. VenSLties of
0.015 amp/cm2 and 0.150 amp/cm of cathode area as a functio of time.

The potentials were measured using a Ag -0.13 m A- in LiCLs#xC1
reference electrode. All potentials, though, are rcported .th re~nect to
~a Ag-l m AgCl in LiCl-KCl electrode. Various diluent were v .ed sdring *he

reporting period. TInitially calcium was the proposed anode malcris’.
therefore the diluent was CaCl,. The first liquid anode to be propesen
was lithium and LiCl was then used as a diluent., When the use of lithiium
was eliminated because of its react1v1ty, Na ancdes with NaCl as the
diluent were consxdered (Sne Sectlon 3).

2:2,1 COPPER (I)

When testing molten CuCl, potential shifts caused by the reduction
of cupric ion initially present in the melt and generated at the anode of
the test cell were repeatedly observed. A glass wool plug about 1/2 inch
in length was inserted between the lower end of the graphite anode and the
openings of the Pyrex ~heath. - This reduced markedly the diffusion of
‘cupric ions from the anode and gave relatively more stable potentials under
_current dtains.

Molten CuCl gave an initial open circuit po. ential of +1.10
volts on gold electrodes and + 1.15 volts on tungsten electrodes at 50°C.
At & current drain of 0.150 smp/cmz of cathode area, the potential: .3re
~+.0.38 volt and + 0.41 volt on gold and tungsten, respectively.

. =32~
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A mixture composed of equimolar concentration of CuCl and LicCl
gave the following results.

Temperaturc 450°¢ 500°¢

Inicial Open Circuit
Potential +0.37v +0,37v

Potential at 0.015
amp/cm2 - -0.19v

Potentiag at 0,150
amp/cm* -0. 15V -0.21v

Molten CuCl was further tested using the experimental cell shown
in Figure 7 and described in the Section 2.1 of this report. In the
initial experiments, a LiCl-K{1l eutectic mixture was used in the anode
compartment of the cell. The objective of this test was to transfer coulo-
me+rically lithjum ions chrough the ceramic to the cathode compartment and
evaluate the 2ffect of this diluent on the depolarizing properties of the
cathode material. The cathode of the Graphite/LiCl-{Cl/Ceramic/CuCl/W
system gave an initial open circuit potential of + 1.14 volt at 450°C. The
ceramic separatoxr cracked within 10 minutes of the start of the test.
Dilution of the cathode depolarizer with the LiCl-KCl eutectic mixtu.=2
ensucd prematurely. To ascertain that the failure of the ceramic tube
was caused by ionic stress vather than thermal shock, an identical experi-
mental setup was heated gintly to 450°C and allowed to remain an open
circuit for about 1/2 hour before applying any current. A break of the
ceramic occurred after passing a current of 5 ma for 8 minutes followed by
a current drain of 50 ma for about 5 minutes was pas.ed through the cell.
Apparently the cceramic was not able to exchange sodium ions with lithium
and/or potassium ‘ons at the rates determined by the current used in the
experiment. ‘

No apparent physical stress or weakening of the ceramic was
observed at the conclusion of a 72 hour test with the same experimental
arrangement using molten ALCl,-NaCl as anolyte. The cell was run at 507
in alternate periods of 54 minutes at low current drain (0.015 amg/cm of
cathode area) and six minutes at high current drain (0.150 amp/cm<). The
results of the test is shown in Figure 8. It must be noted that the graph
shows plottings of a single run and cepresents sequent potentials at 'high
and low current drains.

Assuming Faraday's law was obeved and a coulometric transfer
of sodium ions into the cathode compartment of the cell occurred, one-
third of the initial amount of CuCl was left in the cathode compartment and
the equivalent ratio between the remaining CuCl and NaCl was 1 to 2 at the
conclusion o€ the 72 hour test,
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A Na/Cevamic/CuCl cell was assembied as shown in Figure Y in order to
evaluate the compatibility of the ceramic having the composition <hown above
with liquid sodium and CuCl melt and to obtain other pertinent informations on
the behavior of the galvanic couple at 450-500°C. Abcut 1 g of sodium and 3 g
of CuCl were used., The open circuit of the cell, initially at 3.675 volts
stabilized at 3.640 volts. The anode potential was -2.530 volts and the cathode
potential was + 1.110 volts with respect to Ag - lm AgCl reference electrcue at
450°C. The internal resistance of the cell as measured with an a.c. conductivity
bridge was 197 ohms at 450°C and 125 ohms at 480°C. The prrformance of this cell
was determined by loading with a variable resistor and the resulting cell vcltage
was mcasurcd. The cell wvoltage atahilized at a fixed value within two minutes
after the load resistor was changed. The characteristics of the cell are given
in Table Xv.

The cell was allowed to remain on open circuit for about three hours
bcfore it was dismantled for examination. No evidence of ceramic detzrioration
or stress was observed cn the surface exposed to the cathode depularizer. The
internal side of the ceramic tube in contact with liquid r2dium was observed to
have been blackened. In spite of this apparent chemical attack and some diffusion
of the sodium into the ceramic, the open circuit voltage and the internal resist-
ance of the cell remained practically unchanged.

2.2.2 COPPER (1I)

Gold, tungsten and graphite were ussd as electrode materials in CuC.
at 525°C. The gold electrodes dissolved completely within ten minutes following
their immersion in the molten salt. The tungsten electrodes were found satis-
factory for tests lasting up to several hours although substantial dissolution
of tre metal occurred. A spectroscopic graphite rod having a density of 1.90
;/cm3 was found o have expanded and softened as a result of about one hnur
immersion 1n CuCl2 nelt.

Gold electrodes were also used in solutions composed of CuCl, and
LiCl-KC1l eutectic mixture. The dissclution of golid was not significant%y reduced
in these solutions in spite of the reduction in electrochemical activity which is
shown in Table XVI.

Scme effort was expended to find a suitable cathode material for use
in CuCl, meit. The selected electrode materials include tantalum, tungsten,
pyrolytic graphite. boron carbide and "Glas:y Carbon'. The regults were as
follows:

1. A tantalum wire 50 mils in dia-cter conpletely dissclved
within 15 hours in the melt at 525°C.

2. A tung;ten wire 25 wi.s in diameter ;«rtlally dissaived
under the same conditions,
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" TABLE XV

PERFORMANCE CHARACTERIST:2S OF NA/CERAMIC,CuCl C:LL

Load Resistance Cell Vcitage Calculated Current

(ohm) —(volt) (ma)
=z “ ' 3.64 . 'S A

900 2.9 R ¥

600 2.68 e 3{

400 | 2.37 | o 5;9 ST
200 - 1.765 Y o
100 1.172 B A f B
S0 | 0.705 | C 14,1 | -
20 » 0.315 M 15.8
16 _ 0.160 . 16,0 i

W Yo S

<
o
<
o
»
o
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r TABLE XV1
. CHARACTERTSTICS OF CuCl, CATHODES |

Depolarizing Tempu ature Electrode Open Circuit Polarization at
Solution _ » (O )] teri Petroariial 0.015 amo/cm2 0.150 amp/cm
- ‘ . . vs. Ag-lmagCl
- ref.electrode

CuCl,® - 325 Tungstén -4+ 1.33V - ' s . .
’ se 5 . ) . o ' - . ' ) R v »
— Wl 525 Graphite - +oLaavy

7 sas. 7 gbld C4 139V R - L

. 50 mole % .CuCl, ek, o e L R ’ e
30 mole% LiCl-KCL ; 430 .- 'Gold = < +.0.88V - S, 0.0y o 0305V
A eutectic-mlxture/ ’ : ‘ ' . v

i
4

w

25 Vﬂleh«buClz . T L o : |
) 75 mole 76 ﬁ’fGls'Kbl 4’50 v 4 c >‘ o ) . . ' . . 0. - i . oo
c”a tectic‘mlxture S S b ‘ ) Ce o

¢

<
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f
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3. A sample cf pyrolytic graphite held in molten CUCLZ at
540°C for 15 hours expondes in the direction perpendicuiar
to the plzne of deposition.
- 4. A rod section of "Glassy Carbon" (from the Tokai Electrode
- - Mfg. Co. in Tokyo, Japan) dissolved to about 2/3 of fits
. . initial size in CuCl; melt at 540° for 72 hours.' The remain-
' ing part of the rod section retained the glgssy appearance
and strength observed before treatment,

¢ 5. Boron Carbide (supplied by the Norton Company) was found

o unattacked follow11g lﬁmerSLOH in the melt at 540°C for 71
L . ~_ hours. ’
- " ~

The specific resistivities of boron carbide and "Glassy Carbon', :
, determined -in -the temperatura range between 25° and “25 C by means of a Four
- ‘point probe, are given in ‘Table XVII The sample of béron carbide used in the
A exPerlmen* was & I/u anh “rod having the folLow1n5 Kompu51t10ns ‘
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TABLE XVII
GPECIFTC RESISTIVITY OF BORON CARBIDE AND "GLASSY CARBO'

Boron Carbide - "Glassy Carbon'
Temperature Specific Resistivity 7 Temperature Specific Resistivity
" O¢, . ohm-cm ) °¢c ohm+cm

25 10.398 A 27 4,900 x 107

y 1ao‘l- ST 0.204 . o ii14°: F ) 4754 %1077
W o ii%oa‘ - 0.143 o o ’\1202 : %f 1 ‘a{626_k 107>
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2 2.3 BISMJTH (7II)
Pure molten, BiL13’and a mixture of BiCl,, CaCl, and Bi® were tested
using the cell arrangement shown in Figure 8 in the First Quartcrly Report (1),

The results can be summarized as folilows:

Depolarizing Temperature  Flectrode Open Circuit Polarization_at 0.150

Sclution {(°C) Material Potgntial 0.015 amp,cm2 amp /cm?
BiCL3 425 Tungsten {.0.92 \Y 0,03 v 0.1v
BiCl3 2 equiv, © Tungsten % O.QO A 0.01 Vv 0.1 v
BiCL, 1 ééuiv.‘(” 425-

B 1 equiv./ | cold 4046 Y 0.015 Vv - 0.1V,

The potential time curves for these systems,are‘shown innFigurEmiO.

The deterlorlatlon of the gold electrode -in *he ternary mixture became

. evxden; w:thln 15 minutes after the start of the test as the potential ‘became .

erratic and a rapld increase in polarlzatlon occurred. The fajlure of the ‘elec- -
trode was attributed to the formation:of. a molten Bi-Au allov. No.evidence of
chemiral attack was observed on the tungsten electrode at ﬁhe conc1u81on of the

i

" . . . - 2
- R . - E '
a [ . .

. Two experiments were performed with Graphlte/CeramiL/AICl NaCl/Peramic/'
BiClj cells uging the PxpellmentaL arrangement shown .'n Figure 7. ”ge cells were

‘Operated at & temperature of 380°C. Based on a2- electron reduction to BiCl and

cyc11n§ current -densities of 0.150 amp/;m7 oL,cathode drea for 6 minutes and 0.015.
amp/cm“ for 54 minutes every hour for 72 hours, an amount of BiCljy 50% in excecs
of the theoretical amount was used. The first test was concluded after 72 hcnxs
while the second test was allowed to continue until substantial polarizatiom and
instability in the system was nofed. - This occurred after 115 "hours. Figures 11
and .12 show the results of these tests.  The relacively high potential ‘atffer-
ances between low and high current drains showr in Figure 11 were caused by a
large IR drop betwe:n the indicator electrode 2nd the reference electrode which
has been inadvertendly placed teo far from the cathode. . It appears froi the
performance of the second cell that directly or ind;;ectly, a 3-electron reduc~
tion of BitHt to Bi® has occurred. This was substantiated by the presence of
bismuth metal in the cathode compartment of the cell at the conclusion of the
experiment. v

o

‘Again the ceramic separators were found to be intact-afier these tests.

-
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2.2.4 IRON (III)

Gold electrodes w:re used in solutions composed of 1 mole of FeCly i
4.5 moles of LiCl-KCl eutectic mixture mean molecular weight = 55.59), and
1/3 mole FeCl, plus 1/2 mole CaC’, in 3 moles of the eutectic mixture at 450°C,
Open circnit potentials and polarizations at 0,915 and 0..50 amp/cmZ of cathode
area were, respectlivelv, 4+ 0.70 velt, 0.03 volt and 0.1 volt in the first solu-
tion and + 0.€5 volt, 0.05 volt and 1.3 volts in the solution containing CaCly;
respectively, '

bquimoiar quantiiy of reClg and LiCl-KCl eutectic mixture gave an
open circuit potential gf + 0.73 volt at 450°C on a tungsten electrode. Polari-
zations at 0.015 amp/cm® and 0.150 amp/cm? o1 cathode area wern 10 to 15 mv and
about 1.2 volts, respectively. Experimental curves for these systems are given
in Figure 13. Compositions are given in mole percent. Ihe potential scale
given in this figure is with respect to a Ag-C.13 m AgCl electrode which was used
as a reference electrode. To convert these potentials to the Ag-lm AgCl scal:,
0.127 volt must be subtracted from those given in the figure. The large polariza-
tion observed at the high.r current drain was attributed to the local depletion of
ferric ions in the vicinity of the indicator electrode resulting in tramsition
from the Fe(III)-Fe(II) system to the Fe(lI)-Fe(0) system.

2.2.5 SILVER (I)

The open circuit potential of a gold electrode in & solution composed
of 85 mole percent of AgCl and 15 mole percent of CaCl, at 500° was +0.:1 volt.
The polarization was less than 30 wv a. 0.150 amp/cmz”of cathode aren. DPotential-
time curve for this system is shown in Figure 14. '

2.3 CERAMIC ION EXCHANGE

T an effort to cculometrically add Li* to the cathode depolarizers
withouc cracking the ceramic separator, cfforts were made to exchange the Na+
of the ceramic with Lit., Exchange of sodium icas for lithium 1.as in ceramic
tubes having the c¢ .mposition given in Section 2.1 of this report was performed
by immersiug the tubes in molten lithium nitrare at 285°C for 8 days. The
tubes were 170 mm long and 10.5 mm in outside diameter. 7The melt was replenfshed
cvery other day with a fresh batch. Following this tresztment the tubes wers
rinsed with water und dried in vacuum at 300°C. Two of these tubes were
again filled with lithium nitrate melt and partially immersed la more of .he
melt at 300°C. By mcans of graphite electrodes inserted in the tubes, cirrent
drains of 50 wa and 100 ma were pas<ed thiough the ceramic for sne hour in
alternate periods of about 1C minutes,- Nc visible evidence of strzss sas
observed on the ceramic., The tubes were igain rinsed apd dried then jiven the -
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same galvanic treatment v @ o LaCi- 7% earectic mixtui e, in place of LiNOB, at
450°C. The ceramic tubes .lowed market crazing throurvhout the area thet was
immersed in the eutectic misture. This was probaply .aused by stresses trom
uneven exchange with liihium ioas and petassium 1ons in the ceramic.
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SECTION 3

ANCDE STUDIES —

Calcium metal was first proposed as the asiode for this cell. This
selection was predicated by the low equivalent weight and highly reducing
nature of calciuwa. However further consideration of this anode maierial lead
tc the conclusion that problems associasted with mgintaining electrical comtact
between the solid zeolit« electrolyte and solid calcium was difficult %o over-
come. This problem is intemsified in this application where a considerable
amount of the anode material i3 consumed during ceil dis~harge. JTomsegueniiy -
solid calcium anodes weve dropped from -onsid-ration, and attention focused
upon anode materials wiich would be liquid at the c21’ operating tennerature.

. Lithium, by reason of its low equivalent weight, war the first:
liquid anode to be comsidered. However the corrosive naturs . of molten lithium
- as gshown in compatibility tests (Section 4.3) eliminated the uwe of lithium
in the present application, '

Sodium was next considered as the snode material. One of the
determining factors in this selection is the wealth of information n the

rechnology and properiies of liquid sodium (8). Expeurimental results of a
cell o1 the ty e ’

Nafferamic/CuCl -

are given in Section 2.2.1 .nd results of compatibility tests with molten
sodium a: - given in Section 4.3 oo

A9«
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SECTION 4

In ant1c1patlon of assembly and testing of complete c21ls and batteries, EY
a prellmlnary cell design was formulated in an attempt to determine areas in which
spec1;1 problems might arisze. -

£

4.1 CELL VOLUME CHANGES

One of the firsy polnt& which must be taken into account in the design of

a cell for this appllcatlon is the change in vcluwe which will occur during discharge.
Using a zeolite as a solid electrolyte permitting ordly cation transfer between the
anode and cathode comparcment results-in a decrease in volume in the anode compart-
.ment ard an increase in volume in the cathoue compartment. In the anode compartment -
“the active metal anode is oxidized to form ions. The transfer of these ions as the
charge carriers through the zs:olite results in a net volume decrease in the anode
compartment. In the cathode compartment there is a volume chang: due to the reduc-
-tion of the cathode material from one cxidation state to a lcwer one and the intro=’
duction of cations from the anode compartment throigh the zeolite. o

- As an example of the volume changes tc be encountered consider a cell com-
posed »f 3 sodium anode and a cuCl cathode. The individual half reactions expected
are: : )

T Anode . Nz —3m Na+ + le

- Cathode Cull + lc —-—Ea Cu -~

with one Na+ passing from the anode compértment fhrough the zeolite membrane to the
cathode comparpment fer each electron L;ansfgrred., ) -

For a total capacity of 14 ampere-hour, the amount of metallic ‘sodium
oxidized, sodium ion transferred, and CuCl reduced are each 0.523 faradays. The
loss- of 0.523 faradays (12.0 grams) of metallic sodium is equivalent to a volume de-
‘crease at 4500C of o L : -

' ’ o -50- ‘
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12.0 erams

842 grams/cmd

e

14.25 cm}

Ihe density of molien sodivm was calculated from data given in reference 8.  The
is a transformation

situaticn in tie

~f 0.223 equivulents of CuCl

Nal. Assume tnat CuCl

Ie
Coenaa s

the high temperaturz molcen volumes of NaCl.

1 .
AT e
- [

te Cu and
and NaCl from ideel solution; i.e.

1 -4 4-‘;‘44- +1\,, ur\‘numn 4

Uy o

= 0 523 equiv.

e e

98.99

cathode compartment is more complex
the introduction »{ 0.523 equivalents of

WAl Al mnanid mA

N 9SG O SN N O 2y

grams

since

5-\f‘

b

LA 000 )

3
CIl g

equiv.

>

. The volhmeilncrease-due to formation of Cn-is

Ty,

0.523%equiv.

3.655 zrams

I

and the. formation of NaCl is.

.

The densi

- thermal expansion.

12.4 cm®.

, y o] .
‘ ties of CuCl and NaCl at 450 C were obtained
of Cu at 4500 was calculated from its known density a.
Thus the totar volume change in tne

0.523 equiv. x

59 .44 grams

- equiv.

-14.16 + 3.81 + 17381

T

p "63.°54 grams cm3
- equiv. )

8.73 gxams='*

3

7.6€ cm”

there

thei

~ e
(oY S8

- 14.16 cm®

17. 81 cm?

r

o
[ore

individual volume

P\«r( ranclatn: i fFrem
T2PpCLaTCG rer

Yrom referdnce 9.
0°C and its coefficient of -
cathode compartment is

w

The density

S1mllar calculatlons show -that u31ng a potassium anode' the volume of the.
- anode sg:tlon would dearease 27.8 emd while the cathode saction would increase.

The results for these two' syqtems are surmarized in Table XVIIT.

Cgelr -

Na/ZeoliLe/CuCl

K/Zeolite/GuOl

o

TABLE XVII]

v VOLUME “HANQES IN 14 AMPuRE HOUR CELL

Voluu@_ghange, cg?
Cathode

Anode

14,25

-27.8
..5{..

S

| +7.,46

+12.4

.

Then thetdecrease in volume of CuCl is,



4.2 CELL DES1GHN

Te accommodate these volume changes, a preliminary cell desiga utilizing
movable bellows as containers for the anode and cathode sections was formulated.
This preliminary design is shown in Figure 15. The bellows would be fabdricated
from Armco iron, nickelr, or stainless steel. Tt would appear from preliminary infor-
mation that molyudénum—manganese ceramic to metal seals utilizing iron or nickel
brazing alioys wouid have tne best change of surviving in contact with the liguid

metal anode. Glass sealants, e.x., pyroceramic cypes or sodium phosphate glass,
suld be unablo 4in thic conflonratiosn since they are not in contact with the Tianid
would be usable in this confliguratiosn zince they are not in contac iqui
anode.

4.3 COMPATIBILI.Z TESTS

5 " Compatibility tests were run for various materials propcsed for use in

cell coustruction: 1In these tests the materials were vacuum sealed in Pyrex am- .
p0u1e§ The tests were run by liolding the materials in contact with each other at
450°¢ for a minimum of 72 hours In most cased visual examination was used to

Jdetermlne Lhangps - : : o ) : - S

= -

Molten lithium was found to "severely attack recryotalliied alumind by
destroying its structural inmtegrity. 1In addition, some: etchlng of the glass con-
tainer by 1lithium aistilled from the original sample was noted. thhlum is said to
.be one of the most corrogive of the liquid metals. 8 Because of the difficulties
‘associated with handling.liquid Pithium and the time involved in.developing the re-
quired technology, no further work was done ofi systems utilizing lithium anodes.

In addition, the iithium ien, because of its smaller size, is held wich greater
coulombic attraction to the .sites of negative charge present in the zeolite lattice.
This greater attraction is aoparent in the higher resistivity and aﬁtlvatlon energy
for tonduction found with llthlun_zeolltes (see Section 1.3.1).

) Samples of the sodium aeolifes,‘Types A, X, and Y and Armco iren, nickel,
and recrystallized azlumina were “exposed to molten sodium for 72 hours at 450%C. The
zeolites agpeare&'to be pvnetrated by the moltei. sodium, This was evidenced by a ;
yellow coloyatibn extending a few millimeters into the’ zeollfe pellets. After ex-
posure to molten sodium, zeolite pellets reacted with water to liberate hydrogen.

The mechanism of this penetration is not known but it is possibly through pores or
‘;hudhels‘of the zeolite crystallite. It is these’ channels which give synthetic
zeulites their molecular sieve properties. If penetration 1¢ by way of. these pores,
it may be ellminated or m;nlmlzed by blocklng the pores w1th a SOlld cor liquid™
mat°r141 . v

w
u

No apparent reactxon was noted between ‘molten’ sodium and Armco iron,
nickel, or recrystallized’ alumina. It would.appear that these materials are quitahle
for use 1in the proposed cell. . = 5 o : ‘ -

Sodlum zeoVites, Types A, X and Y were checked for compatmbil;ty'with .
mc]teu CuCl, molten BiClj, and L{C1-KCl eutectic. 'In addition, Armco iron, nickel,
and A1203 were checked in the same molten salts: No~ apparenL reaction was noted
between the znolltes and the molten salts. -Some penetration of the moliten LiCl-KCl

o
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in the zeolite appeared to occur. This conclusion
cresse in volume of - the molten salt. Ir the tests
was noted at the end of the test periond. However,

turn dark in the presence of light. This could be

CuCl to form [inely divided copper,

CuCl ——= Cu + 1/2

similar to the photo-decomposition of AgCl.

Molten LiCl1-KCl did not veact with Armco
CuCl did nct react with Ni c¢r Al203.. It did react
herent coating of metallic copper.

2Cu”
Molten BLCl dld not react w*tn A1203, but it did react with Ni and Fe Unlike the -
results: w1tﬁ CuPI, no adherent dep051t of Be was obtained. Bi, formed by the co
reaciion, - - ) .
22iT 4 3Ni —=> 281+ 3T

is very soluble in molten BiClj.
that at these temperatures
Thus,
SJrface of Ni or Fe for further reaction.
low sotubility in molten CuCl,

)

g . R

the so1ubilitj of Bi in BiCl,
the Bi plated on the Ni or Fe immediately dissolves in BiClg and thus leaves a
Cu, on the other hand, has a very, very
so a protectlve layer is formed.

is based upon an apparent de-
irvolvirg ZuCl, a black residue
there are reports that CuCl dees
dLe to a photo-decomposition of

Ccl,

N

iron, nicxkel, or Al203. Molten
with Armco iron tce form an ad-

The reaction was probably

+ Fg == 2Cu -+ Fe+

The phase didgram for the KiCl3-Bi system shows

i3 about 30 mcle per cent.

g



SECTION 5

. Efforts will te concentrated on developing a satisfactory membrane with 2
decreased porositv auu to develop techniques to fabricate and test complete cells.
In the arca of mcmbranes, methods of filling the zeolite pores with ¢ suitable
naterial, e.g., LiC1-KC1l eutectic, will be investigated while coulometrically pas-
sing sodium ions® through the membranes. Memkzasz bonding techniques will be modi-
Zied to pu.mit fabrication of large diameter thir menbranes. The goal is a membrane
2 inches in diameter and 10 tc 15 mils thick. ‘ :

Investigations of compatibility of proposed components will continue. Cell
bonding and fabrication techniques will be studied and directed towards the produc-
tion of complete ceils suitable for testing., A suitable chamber and clectronic
equipment for cell and batte., testing in a simulated Venus atmosphere wiii be
assembled. ' “

)P
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